The upp (Rv3309c)-encoded uracil phosphoribosyltransferase from Mycobacterium tuberculosis (MtUPRT) converts uracil and 5-phosphoribosyl-α-1-pyrophosphate into pyrophosphate and uridine 5 -monophosphate, the precursor of all pyrimidine nucleotides. A M. tuberculosis knockout strain for upp gene was generated by allelic replacement. Knockout and complemented strains were validated by a functional assay of uracil incorporation. A basal level of MtUPRT expression is shown to be independent of either growth medium used, addition of bases, or oxygen presence/absence. The upp disruption does not affect M. tuberculosis growth in Middlebrook 7H9 medium, and it is not required for M. tuberculosis virulence in a mouse model of infection. Thus, MtUPRT is unlikely to be a good target for drugs against M. tuberculosis.
INTRODUCTION
Tuberculosis (TB) is an infectious disease mainly caused by Mycobacterium tuberculosis in humans, which remains a major global health problem. The World Health Organization estimated that 10.4 million people developed TB in 2015, resulting in 1.8 million deaths (WHO 2016) . The development of new drugs to treat TB is urgently needed to decrease global transmission of this contagious disease. Enzymes of pyrimidine metabolism have been proposed to be potential targets for anti-TB drug discovery (Singh et al. 2015) . Uracil phosphoribosyltransferase (UPRT), encoded by upp gene from M. tuberculosis (Rv3309c, MtUPRT), catalyzes the conversion of uracil and 5 -phosphoribosyl-α-1 -pyrophosphate to uridine 5 -monophosphate (UMP) and pyrophosphate (Villela et al. 2013) . UMP, a common precursor of all pyrimidine nucleotides, is synthesized either de novo from simple molecules or through the salvage pathway of preformed pyrimidine bases and nucleosides (Warner, Evans and Mizrahi 2014) . MtUPRT is a key enzyme in the pyrimidine salvage pathway as it allows direct reutilization of uracil bases and ensuing energy saving for the cell (Villela et al. 2011) . 5-Fluorouracil (5-FU) is an anticancer drug, which is active against M. tuberculosis (Tsukamura 1979) . MtUPRT catalyzes the conversion of 5-FU into fluorouridine monophosphate that is the first step in the complex mechanism of action of 5-FU (Singh et al. 2015) . In M. tuberculosis, 5-FU metabolites are incorporated into RNA and DNA leading to genotoxic stress and inhibition of cell wall biosynthesis (Singh et al. 2015) . Ghode et al. (2015) suggested repurposing of 5-FU as an anti-TB drug, described the structure of MtUPRT as a basis for chemical modifications in 5-FU molecule and proposed MtUPRT as a target for anti-TB drug development with probable activity in non-replicating latent state of M. tuberculosis. However, no experimental data have shown whether or not MtUPRT plays any role in non-replicating latent stage and/or virulence of M. tuberculosis. Here, we describe the construction of a M. tuberculosis knockout strain for upp gene (KO), confirmation of the disruption of upp gene by functional assay and evaluation of MtUPRT expression under different growth conditions including hypoxia. The effects of upp deletion on in vitro and in vivo M. tuberculosis growth were compared with the ones on M. tuberculosis H37Rv wild-type (WT) and complemented (CP) strains.
MATERIALS AND METHODS

Construction of the Mycobacterium tuberculosis KO strain
A fragment of 2006 bp containing the upp gene (624 bp) with its flanking region (911 bp upstream and 471 bp downstream) was amplified by PCR from M. tuberculosis H37Rv genomic DNA, using forward (5 -agtctagagtagtggctgatggtct-3 ) and reverse (5 -cttctagaaagcgatcgggcactg-3 ) primers, both containing XbaI enzyme restriction sites (underlined) (Fig. 1A) . This DNA fragment was cloned into pUC19 using the XbaI restriction site. The upp gene was disrupted by the insertion of a kanamycin cassette from pUC4K (digested using HincII enzyme restriction site) into the AfeI unique internal enzyme restriction site (Fig.  1B) . Insert was released from pUC19 derivative vector by digestion with XbaI, and subcloned into XbaI linearized pPR27xylE vector (pPR27xylE::upp kan) (Pelicic et al. 1997) . Mycobacterium tuberculosis H37Rv and H37Ra were transformed by electroporation with ∼ 2 μg of pPR27xylE::upp kan plasmid. Possible KO clones of both strains were selected in two steps as previously described (Villela et al. 2015) . Genomic DNA was isolated and PCR reactions were carried out using gene-specific screening forward (5 -acggcggctagtcgccccaa-3 ) and reverse (5 -gcgcatcacgctgccgtgca-3 ) primers to confirm allelic replacement at the targeted chromosomal region (Fig. 1B) .
Construction of the Mycobacterium tuberculosis CP strain
The ortholog upp gene from M. smegmatis (Msmeg 1694) flanked by 200 bp upstream and 100 bp downstream was amplified by PCR from M. smegmatis genomic DNA using forward (5 -tgtctagatgcgcgtcggccttg-3 ) and reverse (5 -actctagacgacgatctggccgc-3 ) primers, both containing XbaI restriction sites (underlined). The DNA fragment was cloned into XbaI linearized pNIP40/b, a mycobacteriophage Ms6-derived integrative vector (Freitas-Vieira, Anes and Moniz-Pereira 1998), yielding pNIP40::upp. CP H37Rv and H37Ra KO strains were obtained by transforming the KOs with about 2 μg of pNIP40::upp, as previously described (Villela et al. 2015) . The H37Rv and H37Ra KOs were also transformed with pNIP40/b empty plasmid.
Functional analysis of Mycobacterium tuberculosis KO strains
To validate the disruption of upp disruption in the KO strains, radiolabeling experiments aimed at comparing the ability of H37Ra WT, KO and CP strains to incorporate uracil were performed. Mycobacterium tuberculosis strains were grown in Middlebrook 7H9 10% ADC (Albumin, Dextrose and Catalase) 0.05% Tween-80 at 37
• C. Strains were diluted to an optical density at 600 nm (OD 600 ) of 0.05 in fresh medium and incubated at 37
• C overnight. Four milliliters aliquots of each strain was transferred to 50 ml falcon tubes containing 0.
(specific radioactivity 20-30 Ci mmol −1 ; American Radiolabeled Chemicals, Saint Louis, MO, USA), and tubes were incubated at 37
• C for another 4 h under agitation. These experiments were carried out in duplicate. The cultures were applied to filters (grade GF/A glass microfiber filter, 25 mm, Whatman, Little Chalfont, Buckinghamshire, United Kingdom) and pulled through using vacuum to remove media. Cells were washed three times with 4 ml 1x PBS (phosphate-buffered saline). Two milliliters of 10% TFA (trifluoroacetic acid) was added and after 15 min at 4 • C, filters were washed twice with 2 ml of 10% TFA and once with 2 ml 95% ethanol. Filters were transferred to scintillation vials, liquid scintillator was added and read using tritium protocol in a liquid scintillation counter. The average of [ 3 H] uracil incorporation by H37Ra WT was considered 100%. The data were evaluated with one-way ANOVA analysis, followed by Bonferroni's post hoc test, using GraphPad Prism 5.0. Differences were considered significant at 95% level of confidence.
Analysis of MtUPRT expression under oxygenated and hypoxic growth conditions
Growth of Mycobacterium tuberculosis H37Ra
MtUPRT expression in M. tuberculosis H37Ra was evaluated under different growth conditions. Experiments in the presence of oxygen were performed in 125-ml Erlenmeyer flasks containing 25 ml of either Middlebrook 7H9 10% ADC 0.05% tween-80 or Sauton's 0.025% tyloxapol media, at 37
• C under agitation (140 rpm).
Protein extracts were collected at four different time points for each medium. MtUPRT expression in Sauton's medium was also evaluated in the presence of 20 μg ml −1 of each of the following combinations of bases: uracil; uracil, thymine and cytosine; adenine and guanine; uracil, thymine, cytosine, adenine and guanine. These bases were added at the beginning of culture or 48 h prior to preparing protein extracts when the OD 600 of the culture reached 0.8. Hypoxic conditions were generated in both Middlebrook 7H9 and Sauton's media as described by Wayne and Hayes (1996) . Protein extracts were collected after 1, 2, 3 and 4 weeks of oxygen depletion. Controls for each time point were grown with a partially closed lid to allow oxygenation. Methylene blue (1.5 μg ml −1 ), a color indicator of anaerobic condition, was added to two control tubes: one of hypoxic condition (tight closed lid) and the other of oxygenated condition (partially closed lid). The oxygenated control should be blue during all experiment if oxygen is present, while the hypoxic control should turn white after several days.
Protein extraction
Cellular pellets (0.1 g) were washed twice with PBS, suspended in 1 ml of the same buffer and then transferred to 2 ml lysing matrix B tubes containing 0.1 mm diameter silica beads (MP Biomedicals, Santa Ana, CA, USA). Cells were disrupted using a MP Fast Prep Bead Beater (MP Biomedicals) at a speed setting of 6.0 m s −1 , 8 cycles of 40 s each, cooling between cycles. After lysis, the cell-free supernatants were collected by centrifugation at 14 000 rpm for 20 min at 4
• C. The total protein concentration was measured by BCA protein assay (Thermo Fisher Scientific, Waltham, MA, USA).
Western blot
Mycobacterial proteins (20 μg) were loaded on NuPAGE 10% BisTris gels (Invitrogen, Carlsbad, CA, USA), and transferred to nitrocellulose membranes (iBlot Invitrogen). Blots were blocked with 3% non-fat powder milk 0.05% Tween-20 in TBS (T-TBS), and probed with anti-MtUPRT polyclonal mouse antibody in a 1:250 dilution. Anti-MtUPRT polyclonal mouse antibody was produced by immunizing a mouse with MtUPRT purified protein (Villela et al. 2013 ) containing Freund's incomplete adjuvant. Membranes were washed three times with T-TBS, and peroxidase-conjugated anti-mouse secondary antibody (SigmaAldrich, Saint Louis, MO, USA) was used at a dilution of 1:5000. Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific) was used for detection with Kodak BioMax Light autoradiography film (Carestream Health, Rochester, NY, USA).
Growth in axenic media
Mycobacterium tuberculosis H37Rv WT, KO and CP cultures were started at an OD 600 of 0.02-0.04 in Middlebrook 7H9 10% ADC 0.05% Tween-80, in duplicate, at 37 • C, under agitation (100 rpm).
Aliquots were removed from each culture after 8, 11, 13 and 19 days, and OD 600 was measured. The data were evaluated with the two-way ANOVA analysis, followed by Bonferroni's post hoc test, using GraphPad Prism 5.0. Differences were considered significant at the 95% level of confidence.
Mouse infection
Swiss male mice were infected intravenously with 5 × 10 5 colony forming units (CFU) of M. tuberculosis H37Rv WT, KO or CP strains as described previously (Rodrigues-Junior et al. 2012) . Mice were euthanized 30 days post-infection; spleens and lungs were aseptically removed and homogenized. Bacterial loads in the organs were enumerated after plating serial dilutions of homogenates onto Middlebrook 7H10 10% OADC, and cultivation for 21 days at 37
• C. The values were expressed as means ± standard errors of the means of the logarithm of CFU in lungs or spleens obtained for four animals in each group. Animal experiments were 
RESULTS AND DISCUSSION
The upp KO mutants of Mycobacterium tuberculosis H37Rv and H37Ra were obtained by allelic replacement, using the pPR27xylE plasmid, which contains a thermosensitive origin of replication, the xylE reporter gene and the sacB counterselectable marker (Pelicic et al. 1997) . Agarose gel electrophoresis of PCR products from the 16 clones screened for upp KO showed a band of 3458 bp, compatible with allelic exchange at the upp locus (Fig. 1C) . The KO strains were transformed with the pNIP40 empty plasmid and with pNIP40::upp to generate the CP strain. In order to validate the KO and CP strains, the M. tuberculosis H37Ra WT, KO and CP strains were compared for uracil incorporation by metabolic labeling with [ 3 H] uracil. The strains derived from M.
tuberculosis H37Ra were used to perform this experiment due to safety issues concerning radioactive material and pathogenicity of H37Rv strain. As shown in Fig. 1D , there was a 100-fold reduction in incorporation of uracil in the KO strain as compared to H37Ra WT. The incorporation of ∼1% of uracil that was detected in the KO strain in comparison to WT (Fig. 1D) is probably due to the activity of PyrR, a protein that regulates the expression of pyrimidine-nucleotide biosynthesis genes and has a weak UPRT activity (Kantardjieff et al. 2005 ). This result is consistent with enzymatic data described previously that showed the MtUPRT activity to be significantly greater than that of PyrR (Singh et al. 2015) . Complementation of the KO strain with the ortholog of the upp gene from M. smegmatis restored uracil incorporation, albeit to lower level than in the WT strain (Fig. 1D) . These results validated the KO and CP strains, and confirmed the activity of MtUPRT function in M. tuberculosis.
MtUPRT expression was evaluated under oxygenated and hypoxic growth conditions in M. tuberculosis H37Ra by western blot. Mycobacterium tuberculosis H37Ra strain was used to evaluate MtUPRT expression to enable the oxygenated Wayne model control (partially closed lid), which cannot be performed with H37Rv strain due to safety issues. Mycobacterium tuberculosis was grown in the presence of oxygen in Middlebrook 7H9 and Sauton's media. Protein extracts from M. tuberculosis grown in Middlebrook 7H9 were collected at OD 600 of 0.7, 1.4, 1.8 (10 days of growth) and 1.81 (15 days of growth), while in Sauton's medium were collected at OD 600 of and 0.7, 1.4, 2.1 and 2.4. MtUPRT (21.9 kDa) was apparently produced at similar levels at all time points of the growth curve in Middlebrook 7H9 and Sauton's media (Fig. 2) . MtUPRT expression in Sauton's medium was also evaluated in the presence of various combinations of bases as described in the Materials and Methods section. As shown in Fig. 2 , MtUPRT expression was not induced by the addition of purine or/and pyrimidine bases at the start of culture growth or 48 h before collecting the protein extracts in comparison to the control (no added base). Moreover, after 1 and 2 weeks of M. tuberculosis H37Ra hypoxic growth (Wayne model) in Middlebrook 7H9 medium (Fig. 2) , the expression level of MtUPRT did not change when comparing with control (oxygenated condition of growth), while after 3 and 4 weeks a slight increase in MtUPRT expression is observed in control (Fig. 2) . Similar results were obtained when Wayne model was performed in Sauton's medium (Fig. 2) . Thus, the hypoxic condition of M. tuberculosis growth does not seem to induce MtUPRT expression under the experimental conditions employed here. The 67-kDa band detected by the Anti-MtUPRT polyclonal antibody (Fig. 2) was identified by LC-MS/MS as the chaperone protein DnaK from M. tuberculosis H37Ra (data not shown). The detection of the mycobacterial chaperone protein DnaK by the AntiMtUPRT polyclonal antibody is probably due to a contamination in MtUPRT protein preparation with DnaK from Escherichia coli, since it was produced in E. coli. This hypothesis was confirmed by the detection of E. coli DnaK purified protein when western blot was performed with Anti-MtUPRT polyclonal antibody (data not shown). The strain was also grown as a surface pellicle in Sauton's medium without tyloxapol, and protein extracts were prepared in the early and final phases of growth; however, the same level of MtUPRT protein expression was again detected at both time points (data not shown). Thus, the MtUPRT protein seems to have a basal level of expression that is independent of the medium, growth phase, addition of purine and pyrimidine bases, and presence or absence of oxygen.
The growth of the M. tuberculosis H37Rv WT, KO and CP strains was compared to determine whether upp disruption altered the growth rate of virulent M. tuberculosis during in vitro cultivation in Middlebrook 7H9 medium. No significant differences were found between strains after two-way ANOVA analysis, followed by Bonferroni's post hoc test (Fig. 3A) . To evaluate whether the upp gene is involved in M. tuberculosis virulence, the ability of KO strain to infect and survive in a mouse model was compared with H37Rv WT and CP strains. At day 30 post-infection, mice were euthanized and viable bacteria in spleens and lungs were cultured and enumerated. No statistically significant difference in bacterial loads in both spleens and lungs were observed between infection groups 30 days post-infection (Fig. 3B) . The results thus indicate that the upp gene is not required for virulence of M. tuberculosis H37Rv in an in vivo model of infection. These observations may be accounted for by the redundancy found in nucleotide metabolism in M. tuberculosis. Nucleotides are synthesized either de novo from simple molecules or through the salvage pathway of preformed bases and nucleosides. While
MtUPRT catalyzes the conversion of uracil into UMP (the precursor of all pyrimidine nucleotides) in a single enzymatic step, the enzymes from the de novo synthesis of pyrimidine nucleotides synthetize UMP in six enzymatic steps and may compensate for the absence of upp in the KO strain. Since de novo synthesis of nucleosides is a high-energy demanding process, it has been speculated that M. tuberculosis preferentially uses the salvage pathway to maintain the nucleotide pool under conditions of persistent infection or low-energy availability (Villela et al. 2011; Warner, Evans and Mizrahi 2014) . However, no experimental data are yet available showing the involvement of salvage pathway of nucleotides in the non-replicating latent state of M. tuberculosis.
In this work, we constructed M. tuberculosis KO and CP strains for the upp gene, performed radiolabeling experiments to evaluate uracil incorporation by KO and CP strains, assessed the MtUPRT expression in the presence and absence of oxygen in the medium, and evaluated the KO strain for growth in vitro and in a mouse model of M. tuberculosis infection. Our findings indicated that although MtUPRT is a key enzyme of the pyrimidine salvage pathway, as it directly synthetizes UMP from uracil, its levels remain constant under hypoxic conditions. Accordingly, MtUPRT does not appear to play a significant role in the non-replicating latent stage of M. tuberculosis in vitro. In addition, the results described therein suggest that the upp gene is not required for the full virulence of M. tuberculosis in mice in the model tested in this study. In conclusion, MtUPRT is unlikely to be a good target for anti-TB drug development. 
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